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INTRODUCTION 


Liquid-phase  sintered  tungsten  alloys  are  produced  by  a  ponder  aetallurgi- 
cal  technique  in  which  powders  of  tungsten  (M),  nickel  (Ni),  iron  (Fe),  and 
copper  (Cu)  are  coapacted  and  then  sintered  at  about  1400*C  in  a  dry  hydrogen 
ataosphere.  The  resulting  alloys  possess  high  strength  and  density,  and  their 
typical  Microstructure  consists  of  rounded  hard  tungsten  particles  surrounded  by 
a  comparatively  soft  Matrix  phase  (or  binder)  rich  in  the  above  elements. 

Previous  work  was  directed  toward  inproving  the  strength  and  ductility  of 
sintered  tungsten  alloys  by  controlling  their  coaposition  (refs  1,2)  and  proc¬ 
essing  (refs  3-7),  such  as  rate  of  cooling  froa  the  sintering  temperature.  The 
stress-corrosion  cracking  susceptibility  of  high  density  liquid-phase  sintered 
tungsten  alloys  has  not  been  investigated  extensively.  In  a  recent  study,  Chung 
and  Duquette  (ref  8)  investigated  two  tungsten  alloys.  In  general,  their  study 
showed  that  a  90W-TFe-3Ni  alloy  was  susceptible  to  stress-corrosion  cracking  in 
a  sodium  chloride  (NaCl)  solution,  while  a  97WNiFeCuCo  alloy  was  immune  to  such 
cracking  after  200  hours  of  exposure.  The  current  investigation  addresses  the 
stress-corrosion  cracking  susceptibility  of  sintered  tungsten  alloy  systems 
during  long-term  storage.  These  alloys  are  used  as  long  rod  kinetic  energy 
penetrators  in  military  applications.  It  is  essential  that  both  the  launch 
integrity  and  target-1,  -netration  capability  of  the  penetrator  are  not  diminished 
due  to  the  combined  action  of  sustained  loading  and  chemical  environment. 
Residual  manufacturing  stresses  aay  be  present  in  the  penetrators,  and  exposure 
to  a  saline  environment  is  common  during  storage  of  naval  munitions. 

Four  alloys  of  various  tungsten  and  binder  coaposition  were  studied  to 
determine  their  threshold  stress  intensities  for  stress-corrosion  cracking 

References  are  listed  at  the  end  of  this  report. 
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(Kjscc)  by  applying  a  fracture  Mechanics  analysis.  In  addition  to  the  deter- 
aination  of  Kxscc  values,  an  unloading  coapliance  procedure  Mas  applied  to 
aeasure  crack  groath  under  environaental  conditions.  The  advantages  of  using 
the  coapliance  procedure  and  the  results  are  discussed  in  the  fol lowing  sec¬ 
tions.  Using  tensile  test  and  indentation  hardness  data  for  one  alloy  system,  a 
hardness-strength  correlation  was  deterained  and  was  utilized  to  estiaate  the 
ultimate  tensile  strength  of  the  other  three  alloy  systems.  Detailed  microprobe 
analyses  were  performed  to  obtain  the  chemical  composition  of  the  binder  phase 
in  each  alloy  system.  The  fracture  surfaces  were  studied  using  scanning 
electron  microscopy  (SEM)  and  the  stress-corrosion  fracture  mechanisms  are 
described. 

MATERIALS 

Four  tungsten-based  alloys  were  selected  for  this  study:  95WNiFe, 
97WNiFeCuCo,  90WFeNi ,  and  90WNiCu.  Table  I  lists  the  noainal  alloy  compositions 
and  the  average  compositions  of  the  binder  phase  obtained  from  electron 
microprobe  analyses.  Microstructures  of  the  alloys  studied  are  shown  in  Figure 
1.  Note  that  the  tungsten  particle  size  is  clearly  the  largest  in  alloy 
97WNiFeCuCo.  The  90WNiCu  alloy  contained  two  binder  phases  as  shown  in  Table  I. 

All  tests  on  the  above  alloys  were  performed  in  the  as-received  condition. 
The  post-sintering  treatment  for  alloy  95WNiFe  consisted  of  vacuum  annealing  at 
1100*C  followed  by  rapid  air  cooling.  Alloys  97WNiFeCuCo  and  90WNiCu  were  in 
the  as-sintered  condition.  The  post -sintering  treatment  for  alloy  90WFeNi  was 
vacuum  annealing  at  1050*C  for  1  hour,  water  quenching,  followed  by  a  swaging 
operation  of  approximately  24  percent  area  reduction.  Following  swaging,  alloy 
90WFeNi  was  subjected  to  a  heat  treatment  at  550*C  for  1  hour,  and  then  air 
cooled. 
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Figure  1.  Microstructure  of  the  alloys  investigated:  (a)  95WNiFe, 

(b)  97WNiFeCuCo,  (c)  90WFeNi ,  and  (d)  90WNiCu.  SEM 
photos  of  polished  surfaces  etched  with  Murakami's  reagent. 


TABLE  X.  MATERIAL  COMPOSITION,  HEIGHT 


PERCENT 


Allov 

W 

Fe 

Ni 

Cu 

Co 

90WFeNi 

Nominal 

90.0 

5.0 

5.0 

- 

- 

Matrix  Phase 

23.0 

38.3 

38.7 

- 

- 

90WNiCu 

Nominal 

90.0 

- 

7.5 

2.5 

- 

Matrix  Phase-I 

33.7 

- 

53.8 

12.5 

- 

Matrix  Phase-II 

2.4 

- 

38.4 

59.3 

- 

97WNiFeCuCo 

Nominal 

97.0 

1.6 

0.5 

0.1 

Matrix  Phase 

13.8 

47.6 

16.3 

3.3 

95WNiFe 

Nominal 

95.0 

1.5 

3.5 

- 

- 

Matrix  Phase 

26.2 

21.0 

52.5 

- 

- 

Table  II  lists  the  hardness  and  density  for  the  alloys  in  the  as-received 
condition.  Also  included  are  the  ultimate  tensile  strength  and  fracture  tough¬ 
ness  of  the  alloys;  the  procedures  followed  are  described  in  the  following  sec¬ 
tions. 


TABLE  II.  PROPERTIES  OF  THE  ALLOYS  INVESTIGATED 


A1  lov 

Brinel 1 
Hardness 
Number 

BHN 

Density 

g/cm3 

Ultimate  Tensile 
Strength.  MPa 

Fracture 
Toughness 
MPa  m* 

95MNiFe 

283 

18.1 

901* 

59.5*** 

97WNiFeCuCo 

285 

18.5 

908** 

49.5*** 

90WFeNi 

395 

16.9 

1258** 

54.5*** 

90WN1CU 

290 

17.1 

924** 

64.0*** 

♦Oetereined  from  room  temperature  tensile  tests. 
♦♦Determined  using  hardness/strength  correlation. 


♦♦♦Determined  by  averaging  values  obtained  from  three-point  bend  and 
cantilever-bend  tests;  only  the  toughness  value  for  alloy  90WFeNi  meets 
the  ASTM  requirements  (ref  9). 
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EXPERIMENTAL  METHOOS 


Cantilever-bend  specimens  were  electric-discharge  machined  to  the  con¬ 
figurations  shown  in  Figure  2.  Fatigue  precracking  was  performed  in  three-point 
bending  with  a  cyclic  frequency  of  15  Hz  using  an  MTS  servo-hydraulic  machine. 

As  recommended  by  ASTM  Standard  E-399  (ref  9),  the  maximum  stress  intensity  was 
kept  below  60  percent  of  the  Kjc  value  in  the  final  2.5  percent  portion  of  the 
crack  length.  The  depth  of  the  fatigue  crack  from  the  machined  notch  gave  a 
final  a/W  ratio  of  approximately  0.5.  All  precracking  was  conducted  in  a  clean 
laboratory  environment,  20  ±  2#C  and  50  percent  relative  humidity. 


Figure  2.  Specimen  details  and  test  setup  for  stress-corrosion 
cracking  studies. 

The  stress-corrosion  testing  was  performed  in  constant  load  cantilever 
bending  as  shown  in  Figure  2.  The  relative  humidity  during  the  tests  was  main¬ 
tained  at  95  ±  1  percent  by  using  hydrated  calcium  sulfate  salts  (CaSOj^O)  in 
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containers  placed  inside  an  environmental  chamber.  Both  the  temperature  and 
humidity  inside  the  environmental  chamber  were  monitored  continuously  during  the 
testing. 

The  specimen  for  the  tests  was  immersed  in  a  3.5  percent  NaCl  distilled 
water  solution  for  1  hour,  and  following  removal,  left  to  dry  in  laboratory  air 
for  24  hours.  The  specimen  was  then  installed  in  the  cantilever-bend  test  set¬ 
up,  and  test  loading  was  commenced  after  the  air  inside  the  test  chamber  reached 
95  percent  relative  humidity. 

Individual  specimens  were  loaded  to  preselected  values.  A  clip  gage  of  the 
ASTM  type  (ref  9)  was  mounted  across  the  specimen  notch  and  the  crack  opening 
displacement,  6,  was  monitored  through  a  data  acquisition  system.  The  system 
consisted  of  a  20-channel  amplifier  receiving  the  clip  gage  signal,  an  analog- 
to-digital  converter,  and  a  printer  which  was  programmed  to  print  and  record  at 
preset  time  intervals. 

An  inverse  form  of  the  relation  for  5  in  terms  of  a/W  given  by  Tada  et  al. 
(ref  10)  for  pure  bending  was  used  to  calculate  a/W.  The  Tada  et  al .  relation 
is 

“I”1  =■  24 (a/W) [0.8  -  1.7(a/W)  ♦  2.4(a/W)*  ♦  (1) 

for  the  range  0  <  a/W  <  1 

where 

B  *  specimen  thickness 

PL  >  bending  moment  at  the  crack  plane 
E  ■  Young's  modulus 

Joyce  et  al.  (ref  11)  expressed  the  above  relation  in  an  inverse  polynomial  form 
which  was  further  modified  (ref  12)  for  use  here 


a/W  =  1  -  3.83A  -  1.81A*  ♦  32. 3A®  -  44.2A*  -  52.7A* 


(2) 


where 

A  »  1/[(6BWE/PL)*  ♦  1] 

for  the  range  0.3  <  a/W  <  1. 

Using  the  crack  length  and  the  applied  loads,  the  stress  intensity,  K,  at 
the  crack  tip  was  evaluated  from  the  expression  described  by  Tada  et  al.  (ref 
10) 


KBW*/ */PL 


6(2  tan  ? 


(0.923  +  0.199(l-sin  |  J)4 

cos'll 
2  W 


(3) 


for  the  range  0  <  a/W  <  1. 

In  this  study  the  5  expression  used  (Eq.  (1))  is  for  plane-stress  con¬ 
ditions.  The  reason  for  this  is  that  the  6  measurements  were  at  some  distance 
from  the  crack  tip  and  therefore  involve  a  large  portion  of  the  specimen. 
Plane-strain  conditions  dominate  only  very  near  the  crack  tip,  whereas  any 
displacement  measurement  away  from  the  tip  should  be  predominantly  plane-stress. 
From  this  reasoning,  the  critical  values  of  K  (Kic  and  Kjscc)  are  plane-strain 
values,  whereas  the  6  values  are  plane-stress.  Later,  it  is  shown  that  a/W 
values  calculated  from  6  (assuming  plane-stress  conditions)  were  in  close 
agreement  with  those  determined  directly  from  fracture  surfaces.  An  analogy  can 
be  found  in  Newman's  (ref  13)  work  on  the  standard  compact  specimen.  Newman 
showed  that  6  measurements  for  a  range  of  a/W  ratios  were  bounded  by  the  calcu¬ 
lated  S  values  for  plane-stress  and  plane-strain  conditions.  A  closer  obser¬ 
vation  showed  that  the  6  measurements  at  and  above  (a/W)  ■  0.5  were  in  much 
closer  agreement  with  the  plane-stress  calculations  than  with  plane-strain. 
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RESULTS  AND  DISCUSSION 


Strength  and  Toughness 

The  complex  cheeistry  and  structure  of  the  liquid-phase  sintered  tungsten 
alloys  can  lead  to  difficulty  in  understanding  the  resultant  Mechanical  proper¬ 
ties.  For  exaaple,  in  Table  II  there  is  no  significant  difference  in  the  as- 
received  coeposite  hardness  with  significant  variations  in  tungsten  particle 
size,  tungsten  coeposition,  and  Matrix  phase  eleeents  (cf.  alloys  95WNiFe, 
97WNiFeCuCo,  and  90MNiCu).  Considering  the  as-received  condition  of  alloy 
90WFeNi,  it  appears  that  an  increase  in  hardness  and  strength  can  be  achieved  by 
a  post-sintering  Mechanical  operation  such  as  swaging.  This  increase  in  com- 
posite  hardness  is  associated  with  the  deforeation  and  resulting  hardening  of 
the  Matrix  structure. 

Analysis  of  the  tensile  test  data  and  Brinell  hardness  (ref  14)  measure- 
Ments  on  alloy  95WNiFe  was  perforaed  in  order  to  obtain  a  correlation  between 
ultiaate  tensile  strength  and  hardness.  Using  the  ultiaate  tensile  strength  of 
901  MPa  (92  Kgf/aai*)  and  hardness  of  283  HB  (Kgf /mm* )  for  alloy  95WNiFe,  the 
following  hardness-to-strength  correlation  was  obtained: 

outs  *  0*325  HB  (4) 

The  determination  of  for  the  other  three  alloys  was  carried  out  using  the 
above  correlation  and  their  respective  hardness  values. 

The  fracture  toughness  of  the  alloys  was  detereined  using  both  three-point 
bend  and  cantilever-bend  tests.  The  toughness  values  reported  in  Table  II  are 
average  Kaax  values  obtained  froM  one  of  each  type  of  test.  Figure  3  shows  the 
results  froe  cantilever-bend  tests  in  teres  of  applied  stress  intensity,  Kappi , 
as  a  function  of  6.  One  alloy,  90WFeNi,  was  found  to  Meet  the  speciMen  size 
requireeents  for  plane-strain  fracture  toughness  (ref  9).  For  other  alloys  the 
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fracture  toughness  values  in  Table  II  eay  be  higher  than  the  actual  values, 
perhaps  by  about  5  percent. 


The  results  shot*  the  loss  in  fracture  toughness  as  the  binder  content 
decreases  (cf.  alloys  97MNiFeCuCo,  9&WNiFe,  and  90MNiCu);  even  a  post-sintering 
mchanical  treat sent  did  not  appear  to  cause  as  significant  a  loss  in  toughness 
as  that  associated  with  a  reduced  binder  content  (cf.  alloys  97WNiFeCuCo  and 
90WFeNi ) . 


CRACK  OPENING  DISPLACEMENT.  6  x  1(T*m 

Figure  3.  Response  of  notched  alloy  bars  in  cantilever-bend  tests. 


Fractures  in  Fatigue  and  Bending  Overload 

Exaeination  of  the  fatigue  precrack  region  of  the  fracture  surfaces  showed 
the  characteristic  fatigue  striations  in  the  binder,  areas  of  tungsten-tungsten 
separation,  and  areas  of  tungsten  cleavage.  Areas  of  tungsten-binder  separation 
were  also  seen  in  alloy  97MNiFeCuCo  which  had  the  lowest  binder  content. 

Figure  4  depicts  the  Modes  of  fatigue  crack  growth  as  Mentioned  above. 
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Figure  4.  Scanning  electron  fractographs  illustrating  nodes  of  failure 
under  fatigue  loading:  tungsten  particle  cleavage  (A),  fatigue 
striations  in  the  binder  (B),  tungsten-tungsten  separation  (C), 
and  tungsten-binder  separation  (0).  (a)  Alloy  95WN1Fe  and  (b) 

alloy  97NN1FeCuCo. 


10 


7" 


The  fracture  surface  in  the  bending  overload  region  for  alloys  having  a  10 
and  5  percent  binder  consisted  priaarily  of  binder  failure  by  aicrovoid 
coalescence,  cleavage  of  tungsten,  and  tungsten- tungsten  separation.  In  the 
case  of  alloy  97WNiFeCuCo,  which  had  a  3  percent  binder,  the  overload  fracture 
region  consisted  aainly  of  tungsten-binder  separation,  aicrovoid  coalescence  in 
the  binder,  and  tungsten- tungsten  separation;  cleavage  of  tungsten  particles  was 
negligible.  Figure  5  shows  the  overload  region  with  various  aodes  of  failure  as 
aentioned  above. 

Several  investigations  (refs  2,15,16)  have  identified  siailar  failure  aodes 
in  tungsten  alloys.  Generally,  these  studies  have  showed  that  tungsten-binder 
separation,  as  seen  in  alloy  97MNiFeCuCo,  tends  to  reduce  the  ductility  of  these 
alloys.  The  present  study  shows  that  tungsten  particle  cleavage  is  associated 
with  the  presence  of  two  conditions.  First,  in  order  to  bring  about  cleavage 
failure,  a  certain  aaount  of  particle-particle  contact  seeas  to  be  required. 
Second,  the  plane  of  the  cleavage  crack  is  typically  observed  to  be  at  a  right 
angle  to  the  particle-particle  contact  area.  Figures  4a  and  5a  show  exaaples  of 
these  features  of  the  cleavage  failure  aechanisa.  Note  the  extension  of  the 
cleavage  fracture  pattern  froa  one  particle  to  another  over  the  contact  bound¬ 
ary.  In  a  situation  where  the  cleavage  plane  lies  approxiaately  in  the  plane 
of  the  contact  surface,  crack  extension  occurs  by  separation  at  the  tungsten- 
tungsten  interface. 

Fracture  Under  Stress-Corrosion 

A  knowledge  of  residual  aanufacturing  stresses  in  these  alloy  systeas  is 
of  great  iaportance.  If  significant  residual  stresses  a.'e  present,  the  long- 
tera  structural  integrity  of  coaponents  could  be  affected.  One  way  to  observe 
their  presence  is  to  expose  the  alloys  to  the  test  environaent  free  froa 
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Figure  5.  Scanning  electron  fractographs  showing  the  various  eodes  of 
failure  In  bending  load:  tungsten  particle  cleavage  (A), 
■Icrovold  coalescence  In  the  binder  (B),  tungsten- tungsten 
separation  (C),  and  tungsten-binder  separation  (0).  (a)  Alloy 

SONFeHl  and  (b)  alloy  97MN1FeCuCo. 
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externally  applied  stresses.  In  such  conditions,  cracking  aay  occur  if  high 
enough  tensile  residual  stresses  are  present  in  locations  exposed  to  an  aggres¬ 
sive  environment.  Such  a  study  mss  conducted  on  10-rnm  square  polished  speci¬ 
mens.  After  500  hours  of  exposure,  isolated  regions  of  the  binder  showed 
dissolution  which  resulted  in  the  fortaation  of  a  eud-cracklike  pattern  on  the 
surface.  These  regions  were  numerous  in  alloy  90WNiCu,  while  alloy  97WNiFeCuCo, 
having  the  lowest  binder  content,  displayed  fewer  such  regions.  Alloys  90WFeNi 
and  95WNiFe  were  also  found  to  be  susceptible  to  such  behavior,  but  to  a  nuch 
lesser  extent.  Figure  6  illustrates  the  regions  where  the  above  phenomenon 


Figure  6.  Scanning  electron  micrograph  showing  mud-cracklike  pattern  in  the 
binder  after  the  polished  specimen  of  alloy  90WN1Cu  was  immersed 
in  3.5  percent  NaCl  solution  and  then  exposed  for  500  hours  in 
95  percent  relative  humidity  with  no  external  stress. 
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occurred  In  the  test  environment.  Chung  and  Duquette  (ref  8)  eade  a  sieilar 
observation  In  a  90WFeN1  alloy  and  associated  It  with  the  presence  of  a  brittle 
Interphase  boundary  precipitate.  The  existence  of  a  brittle  intereetalllc  phase 
In  tungsten  alloys  mss  also  Identified  previously  by  other  researchers  (refs 
3,17,18).  Optical  eetal lography  of  sections  beneath  this  product  showed  the 
absence  of  sub-surface  cracks,  thus  ruling  out  eanufacturlng  residual  stresses 
In  the  alloys  as  causing  stress-corrosion  cracking. 

The  fracture  surface  of  the  specimens  which  failed  by  stress-corrosion 
with  the  usual  sustained  external  loading  displayed  cleavage  of  tungsten  par¬ 
ticles,  tungsten-tungsten  particle  separation,  and  alcrovold  coalescence  In  the 
binder.  As  Mentioned  before,  alloy  97WN1FeCuCo  displayed.  In  addition  to  the 
above  failure  modes,  tungsten-binder  separation.  These  failure  modes.  In  com¬ 
bination  with  dissolution  of  the  Isolated  regions  of  the  binder,  assisted  In  the 
overall  crack  growth.  Figure  7  shows  the  stress-corrosion  cracking  fracture 
surfaces  with  mud-crackllke  patterns  clearly  visible. 

Unloading  Compliance  Method 

The  concept  of  using  a  compliance  technique  to  measure  crack  extension  was 
first  put  forth  by  Irwin  (ref  19).  Later,  Clarke  et  al.  (ref  20)  developed  this 
technique  and  successfully  applied  It  to  single  specimen  crack  extension 
measurement  for  J-Integral  fracture  toughness  testing.  The  unloading  compliance 
technique  was  found  to  be  suitable  In  the  present  study  for  a  number  of  reasons. 
First,  the  technique  overcame  the  problems  of  mechanical  and  electrical  drift 
commonly  observed  in  long-term  Klscc  tests.  Also,  the  technique  gave  measure¬ 
ments  averaged  over  the  whole  crack  front.  Finally,  the  Inherent  difficulty  in 
direct  observation  of  stress-corrosion  crack  growth  on  the  specimen  surface  was 
removed  through  the  use  of  unloading  compliance. 
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Figure  7.  Scanning  alactron  Micrographs  of  stress-corrosion  cracking 
fracture  surfaces:  (a)  90WFeNi  and  (b)  90NNiCu. 
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Consider  for  example,  alloy  90WFeN1,  which  was  subjected  to  an  applied 
stress  intensity  of  45.9  MPa  wft  in  the  environment  previously  described.  Table 
III  eoepares  the  calculated  plane-strain  and  plane-stress  a/W  values  with  the 
eeasured  values  of  the  fatigue  precrack  length  froe  the  fracture  surface.  The 
eaxieua  difference  between  the  calculated  plane-stress  values  and  the  eeasured 
a/W  values  was  less  than  2  percent.  For  a  sieilar  coaparison  using  plane-strain 
conditions,  the  disagreeeent  widens  between  the  calculated  and  aeasured  a/W 
values,  as  shown  in  Table  III.  This  shows  that  the  plane-stress  assuaption  is 
aore  appropriate  for  an  unloading  coapliance  procedure  that  involves  a  large 
portion  of  the  specieen.  In  contrast,  plane-strain  conditions  predoainate  very 
near  the  crack  tip  so  that  calculated  stress  intensities  (i.e.,  Kappl  and  Kiscc) 
are  plane-strain  quantities. 


TABLE  III.  COMPARISON  OF  CALCULATED  a/W  UNDER  PLANE-STRESS  AND 
PLANE-STRAIN  CONDITIONS  WITH  MEASURED  a/W 


Calculated  a/W 

Measured  a/W 
Five-Point  Averaae 

Allov 

Plane-Strain 

Plane-Stress 

0.536 

0.519 

0.509 

90WFeNi 

0.533 

0.517 

0.507 

90WNiCu 

0.522 

0.505 

0.501 

97WNiFeCuCo 

0.525 

0.508 

0.504 

95WNiFe 

Another  set  of  exaaple  results  shows  that  stress-corrosion  crack  growth  was 
conveniently  aonltored  using  the  unloading  coapliance  procedure.  Alloy  90WFeNi 
was  subjected  to  an  initial  sustained  stress  intensity  of  45.9  MPa  m*  in  the 
test  environaent.  Table  IV  shows  the  calculated  and  aeasured  crack  growth  in 
this  particular  test.  As  indicated  in  the  footnote,  the  assuaed  Young's  modulus 
was  corrected  to  an  effective  aodulus  so  that  the  calculated  a/W  (determined 


16 


using  unloading  coapliance)  agreed  with  the  Measured  a/W  (froa  the  fracture  sur¬ 
face)  at  tiae  equals  zero.  This  procedure  iaproves  the  accuracy  of  subsequent 
crack  growth  calculations.  Figure  8  shows  a  plot  of  (a/W)*  versus  tiae,  where 
the  (a/W)*  values  were  calculated  using  the  effective  Modulus.  Due  to  the  dif¬ 
ficulty  in  Monitoring  fast  crack  growth  in  the  final  stages,  the  last  calculated 
a/W  data  point  did  not  occur  at  the  saae  tiae  as  the  final  failure. 

Unloading  coapliance  aeasureaents  were  used  to  identify  an  apparent  crack 
closure  phenoaenon  during  soae  of  the  Kjscc  tests.  Typically,  general  corrosion 
was  occurring  and  the  corrosion  products  were  hindering  the  normal  movement  of 
the  notch  faces  during  the  partial  unloading/ re loading  exercise.  This  resulted 
in  an  apparent  decrease  in  calculated  a/W  as  a  function  of  time. 


TABLE  IV.  CALCULATED  AM)  MEASURED  CRACK  LENGTH  DATA  FOR  ALLOY  90WFeNi+ 


Sustained  Load 
Tiae  Increment 

6EBW/M 

Unloading 

_ a/W _ 

8E*BW/M 

Unloading 

(a/W)* 
Calculated 
Eq.  (1) 

Calculated 
Eq.  (1) 

Measured 

5-Point 

Average 

0 

42.7 

0.519 

0.509 

40.3 

0.509 

1 

43.8 

0.524 

- 

41.4 

0.515 

2 

46.8 

0.536 

- 

44.2 

0.526 

3 

51.3 

0.552 

- 

48.5 

0.542 

4 

53.7 

0.559 

- 

50.7 

0.550 

5 

64.4 

0.590 

- 

60.9 

0.581 

6 

- 

- 

0.664 

- 

- 

cr  6EBW/PL  measured 2  t«0  . 
l«EBW/PL“caTcuTated7~t-6J 

^Specimen  iaaersed  in  3.8  percent  NaCl  aqueous  solution  followed  by  sustained 
loading  in  95  percent  relative  huaidity  air;  E  ■  370,000  MPa;  effective 
Modulus,  E*  ■  349,800  MPa;  failure  tiae  ■  92  hours,  46  Minutes. 
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Figure  8.  Stress-corrosion  crack  extension  as  determined  using 
the  unloading  compliance  procedure.  The  data  points 
correspond  to  the  quantities  In  Table  IV. 

Figure  9  Illustrates  the  result  corresponding  to  the  crack  closure  phenome¬ 
non  In  terms  of  calculated  a/W  versus  time.  The  alloy,  90WFeN1,  mas  loaded  to  a 
stress  Intensity  of  40.0  MPa  m3*,  a  value  below  the  alloy's  Kiscc.  test  was 

stopped  after  500  hours  and  the  notch  area  was  flushed  with  distilled  water  In 
an  attempt  to  remove  any  corrosion  products  from  between  the  notch  faces. 
Following  this,  the  specimen  was  loaded  again  to  the  stress  Intensity  level  Ini¬ 
tially  used  and  an  Immediate  unloading/reloading  was  performed  to  determine  the 
a/W.  As  shown  In  Figure  9,  the  value  of  a/W  recovered  to  about  the  value 
obtained  at  the  start  of  the  test. 


* 


t 


0.53 


0.51 

5  0.49 


0.47 


0.45 


Figure  9.  Crack  closure  phenomenon  as  observed  during  stress-corrosion 
cracking  tests  using  the  unloading  compliance  techique. 

The  open  circle  corresponds  to  a/W  obtained  after  cleaning 
off  the  corrosion  products. 

Similar  apparent  crack  length  reduction  Mas  observed  by  Joyce  et  al.  (ref 
11)  working  with  depleted  uranium  specimens.  In  their  study,  the  reduction  in 
crack  length  occurred  over  the  first  5  hours  of  the  test  and  resulted  in  speci¬ 
men  failure.  The  authors  attributed  this  behavior  to  the  presence  of  residual 
stresses  and  a  plastic  zone  resulting  from  fatigue  precracking.  By  contrast,  in 
the  present  study,  the  apparent  reduction  in  a/W  was  seen  for  an  extended  period 
in  specimens  which  did  not  fail,  and  was  due  to  the  accumulation  of  corrosion 
products  between  the  notch  faces. 
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The  resistance  of  eaterials  to  stress-corrosion  cracking  is  eeasured  in 
teres  of  a  stress  intensity  threshold  designated  as  Kjscc  below  which  no  crack 
extension  occurs.  Two  approaches  (refs  21,22)  have  been  used  extensively  in 
which  speciaens  are  loaded  to  various  levels  of  stress  intensities  and  either 
the  crack  velocity,  da/dt,  or  the  tiae  to  failure,  tf,  is  aeasured  (see  Figure 
10). 


Figure  10.  Two  approaches  in  deteraining  Kjscc:  (a)  da/dt  versus  K 
and  (b)  K  versus  tf. 

The  da/dt  versus  K  approach  involves  three  regions  with  regions  I  and  III 
being  strongly  stress-dependent.  The  Kj;scc  is  obtained  by  extrapolating  the 
lower  end  of  region  I  to  the  abscissa.  However,  the  eeasureaent  of  Kjscc  using 
da/dt  versus  K  curve  becoaes  difficult  where  the  material  behavior  does  not  show 
region  I.  In  such  a  case,  the  Kj#cc  can  be  practically  determined  from  the  K 
versus  tf  curve  (Figure  10b)  by  observing  at  what  initial  K  level  no  failure 
occurs  after  a  certain  test  duration,  e.g.,  500  hours. 


In  the  alloys  Investigated  here,  the  evidence  of  stress-corrosion  cracking 
Mas  found  In  the  stress  Intensity-dependent  region  III.  For  this  reason  the 
ranking  of  the  alloys  according  to  their  resistance  to  stress-corrosion  cracking 
Mas  accomplished  by  measuring  KIscc  from  the  Kappi  versus  tf  curve.  All  the 
alloys  shomed  susceptibility  to  stress-corrosion  failure  In  an  environment  of 
3.5  percent  NaCI  Immersion  followed  by  sustained  loading  In  95  percent  relative 
humidity  air. 

Figure  11  Illustrates  the  overall  results  In  the  form  of  Kappi  versus  tf 
curves.  These  curves  Mere  extrapolated  upward  to  coincide  Mlth  the  respective 
alloys'  fracture  toughness,  since  the  toughness  Is  unlikely  to  be  affected  by 
environment  In  the  fraction  of  a  second  required  for  fast  failure.  The 
threshold  K|SCC  for  the  alloys  varied  from  32.6  MPa  m*  for  alloy  97WNiFeCuCo  to 
53.6  MPa  mfc  for  alloy  95WN1Fe.  The  K^c  Mas  not  much  different  for  the 
tMO  10  percent  binder  alloys,  although  the  90WN1CU  alloy  displayed  a  larger  drop 
from  Its  fracture  toughness  value  to  Its  Kisce  value. 

One  of  the  alloys  tested  here,  97WN1FeCuCo,  had  the  sane  composition  as  an 
alloy  tested  by  Chung  and  Duquette  (ref  8).  Also,  a  similar  environment  mss 
used,  albeit  In  a  different  May.  The  earlier  K^c  results  Mere  quite  different 
from  those  observed  in  the  present  study.  The  earlier  rnork  found  no  evidence  of 
stress-corrosion  cracking,  Mhereas  in  the  present  Mork,  KIscc  «  32.6  MPa  m3*. 

This  difference  In  Kjscc  behavior  nay  be  due  to  the  difference  In  environment, 
exposure  tine,  and  type  of  loading.  The  bolt-loading  used  In  the  earlier  study 
involved  a  value  of  Kappi  at  about  the  level  of  Kic,  Mhich  could  cause  extreme 
crack  tip  plasticity  therefore  preventing  or  delaying  stress-corrosion  cracking. 
The  lower  values  In  cantilever  loading,  Mhich  established  the  K^c  In  the  pres¬ 
ent  study,  precluded  any  such  overload. 
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Figure  11.  Stress-corrosion  cracking  of  M  alloys  in  terns  of  applied 
stress  intensity  as  a  function  of  tine  to  failure. 

An  inportant  practical  inplication  of  the  present  study  is  the  following. 
When  tungsten  alloy  cooponents  are  subjected  to  significant  levels  of  sustained 
tensile  stress,  including  residual  aanufacturing  stresses,  storage  should 
preclude  chloride-containing  environnents,  specially  narine,  in  order  to  extend 
their  shelf  life  and  maintain  their  structural  integrity  in  application. 


CONCLUSIONS 

The  following  conclusions  were  drawn  from  this  study: 

1.  All  the  alloys  investigated  displayed  susceptibility  to  stress- 
corrosion  cracking  in  an  environment  of  3.5  percent  NaCI  i emersion  followed  by 
sustained  loading  in  95  percent  relative  humidity  air.  Alloy  95MN1Fe  showed  the 
least  susceptibility  and  the  narrowest  range  for  stress-corrosion  cracking. 


/ 


2.  Fracture  Mechanics  provided  a  quantitative  assessaent  and  ranking  of 
the  resistance  to  stress-corrosion  cracking  of  the  various  alloys. 

3.  A  variety  of  failure  nodes  Mere  observed  In  the  alloy  systems.  The 
environment  caused  localized  dissolution  of  binder  regions  and  Mas  responsible 
for  crack  gronth  under  external  sustained  loads. 

4.  An  unloading  compliance  procedure  similar  to  that  applied  In  J-integral 
testing  gave  accurate  measurements  of  stress-corrosion  crack  gromth. 

5.  A  crack  closure  phenomenon  was  Identified  using  the  unloading 
compliance  procedure  and  attributed  to  the  accumulation  of  corrosion  products 
between  the  crack  faces  following  certain  exposure  times  to  the  environment. 
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